Introduction
============

The ability of vectors derived from adeno-associated virus (AAV) to stably transduce a broad range of dividing and postmitotic cells with high efficiency makes AAV-based vectors attractive for development as central nervous system (CNS) gene therapies.^[@bib1]^ An important element of a successful gene therapy treatment is the choice of an appropriate AAV serotype. Although AAV2 is neurotropic, other serotypes (*e.g.*, AAV1, AAV5, AAV7, AAV8, AAV9, and AAVrh10) have a high affinity for neurons, astrocytes, and other non-neuronal cells.^[@bib2; @bib3; @bib4; @bib5; @bib6; @bib7; @bib8; @bib9]^ Tropism is important not only for targeting specific cells in the brain but also for avoiding the transduction of cells that could trigger an immune response to a non-self protein.^[@bib10],[@bib11]^ The clinical failure of potentially effective molecular therapeutics is often due not to a lack of potency, but to shortcomings in the method by which they are delivered.

Huntington's disease (HD) is caused by a CAG repeat expansion mutation that encodes an elongated polyglutamine (polyQ) repeat in the mutant huntingtin protein (mHtt). HD is a particularly attractive target for DNA- and RNA-based therapies because it is an autosomal dominant disease. Recombinant AAV vectors provide an ideal delivery system for nucleic acid therapeutics as they can enable the permanent expression of huntingtin-lowering molecules in the brain. AAV-mediated gene therapies to deliver huntingtin-lowering strategies have shown great promise for HD, as indicated by the robust efficacy data presented in several preclinical studies.^[@bib12; @bib13; @bib14; @bib15; @bib16]^ To achieve maximal clinical efficacy in HD, delivery of a vector to both the striatum and cortex will likely be required. Postmortem analysis of HD patient brains revealed extensive medium spiny neuronal loss in the striatum in addition to the loss of pyramidal neurons in the cerebral cortex.^[@bib17],[@bib18]^ A recent report showed that genetically reducing m*HTT* expression in neuronal populations in both the striatum and the cortex of conditional transgenic mouse models of HD provides a significantly higher level of therapeutic efficacy than reducing m*HTT* in either of these regions of the brain alone.^[@bib19]^ This evidence suggests that delivering gene therapy agents to both striatal and cortical regions would be ideal to achieve maximal therapeutic efficacy. Demonstrating that the requirements for therapeutic efficacy can be translated from mice to larger animal species, whose anatomical characteristics are more reflective of those in human patients, is imperative.

The presence of the blood--brain barrier impedes vector transfer to the CNS after systemic delivery. Recent studies have demonstrated that the AAV9 serotype can cross the blood--brain barrier after systemic delivery. However, this led to predominantly astrocytic transduction.^[@bib20],[@bib21]^ Furthermore, although systemic delivery of AAV9-RNAi to N171-82Q mice significantly reduced *HTT* in multiple brain regions, it was not associated with motor improvements.^[@bib22]^ For almost two decades, the optimal conditions for direct brain delivery of viral vectors via convection-enhanced delivery (CED) have been extensively evaluated.^[@bib23; @bib24; @bib25; @bib26]^ A new, reflux-free, stepped-design cannula that permits the use of CED with higher flow rates (\>5 μl/minute) has been developed.^[@bib27]^ This study was designed to explore the potential use of AAV-mediated gene therapies to deliver Htt-lowering therapeutics to critical regions of the brain that are involved in HD. The goal was to evaluate specifically the potential use of AAV1 or AAV2 as a delivery vector because a majority of the preclinical studies have been conducted with AAV1, whereas most clinical studies to date for CNS applications have used AAV2 as a delivery vehicle. Multiple reports in the literature suggest the presence of differences in the cellular tropism and the capability of these vectors for retrograde and anterograde transport that depend on the serotype used and the delivery parameters.^[@bib28]^ However, the majority of these studies have not provided an appropriate characterization of the vector preparations used, which would better clarify the differences that have been reported regarding vector tropism and biodistribution. Thus, the use of the recombinant vectors AAV1-eGFP and AAV2-eGFP for *in vivo* gene delivery into the striatum of NHP brains via CED under MR-guidance was examined. Two different methods of vector production were used: triple transfection (TT) and a more scalable clinical manufacturing platform, producer cell line (PCL). A comprehensive analysis of the distribution, tropism, and efficacy of the resulting transduction was performed in the brains of 9 Rhesus macaques. Our results show robust AAV-mediated expression within the striatum and several cortical regions that are relevant to HD. The current data are promising and they suggest that the striatal CED delivery of AAV1 and AAV2 vectors results in transduction of brain areas that are critical for the treatment of HD. Furthermore, optimization of the delivery parameters for AAV1 or AAV2 may lead to global transgene delivery and may help in the design of new AAV-mediated gene delivery systems in future clinical trials for HD and other neurodegenerative diseases.

Results
=======

To better understand the potential usefulness of AAV1- or AAV2-mediated gene delivery for CNS diseases and to determine their specific cellular tropism within most of the affected brain regions relevant to HD, the expression of enhanced green fluorescent protein (eGFP) in the nonhuman primate brain was evaluated 4 weeks after injection of either AAV1-eGFP or AAV2-eGFP into the caudate and putamen. The dosing groups are summarized in [Table 1](#tbl1){ref-type="table"}. To date, the majority of preclinical studies have utilized vectors made by TT followed by purification with cesium chloride centrifugation or column chromatography. Thus, to evaluate the impact of vector production on biodistribution *in vivo*, two methods of vector production, TT and PCL, were compared. The vectors produced with either production platform were purified via the same proprietary column purification method. Thorough vector characterization was performed with a number of well-validated quality control assays and analytical tools. TaqMan PCR was used to determine vector concentration or particle titer^[@bib29]^ and a replication-based rAAV titration assay in a rep-cap-expressing HeLa cell line and end-point dilution PCR, was used to determine infectious titers.^[@bib29]^ Both TT and PCL generated AAV2-eGFP and AAV1-eGFP vectors, had infectious titers in agreement with AAV1 and AAV2 assay controls. Vectors generated by the PCL method were also assayed for residual adenovirus protein and infectious adenovirus by western blot analysis and replication PCR assay (E2A target), respectively. Both assays confirmed that vectors generated by PCL were substantially free of residual adenovirus. Analytical ultracentrifugation (AUC), was used to assess the ratio of full: empty capsids, as previously described.^[@bib30]^ All vectors were composed predominantly of full particles. Endotoxin levels were within levels deemed acceptable for animal studies as determined by LAL-Gel Clot Method and bioburden levels by membrane filtration. The purity of final vector lots were evaluated by sodium dodecyl sulfate--polyacrylamide gel electrophoresis and the proteins were visualized by SYPRO staining. VP1, VP2, and VP3 capsid protein bands were clearly resolved with no other impurities detected. More details about the vectors are summarized in [Table 2](#tbl2){ref-type="table"}.

Infusion performance
--------------------

In all of the groups, which included AAV1-eGFP (TT), AAV2-eGFP (TT), AAV1-eGFP (PCL), and AAV2-eGFP (PCL), 90 μl of each vector was mixed with gadolinium contrast agent (2 mmol/l Prohance; Bracco Diagnostics, Monroe Township, NJ) and then infused into each striatum (60 μl into the putamen and 30 μl into the caudate nucleus). Magnetic resonance images (MRI) from each infusion confirmed that the positioning of each cannula was accurate and that the infusate covered the target area with occasional leakage to internal capsule. In addition, the ratio (Vd/Vi) between the volume of distribution (Vd) and the volume of infusion (Vi) was calculated for each delivery. Across all infusions, the Vd was approximately threefold larger (range 2.1--4.6) than the Vi (see [Table 3](#tbl3){ref-type="table"} for summary and [Supplementary Table S1](#xob1){ref-type="supplementary-material"} for details).

GFP transgene expression in the brain
-------------------------------------

After bilateral injection of either AAV1-eGFP or AAV2-eGFP (both TT and PCL) into the striatum of NHPs, robust expression of GFP was evident throughout both of the target structures (putamen and caudate nucleus) as well as their projection regions (the external and internal globus pallidus, GPe and GPi; substantia nigra, SN; subthalamic nucleus, and cortical regions in neuronal layers IV and V) ([Figure 1](#fig1){ref-type="fig"}). To evaluate the role of gadolinium as a marker of vector distribution in the striatum, we calculated the ratio of the area of GFP expression (from histological sections) to the area of gadolinium signal on corresponding MR scans. For monkeys infused with AAV1, this ratio was 1.21 ± 0.10, whereas it was 0.74 ± 0.04 for those infused with AAV2 ([Figure 2](#fig2){ref-type="fig"}). A ratio of 1.0 indicates a perfect match between GFP expression and MRI of vector distribution. This difference indicated that the AAV1 vectors distributed beyond the gadolinium signal and achieved better spread within the striatum (the targeted brain region) than the AAV2 vectors.

In addition to the ratios depicting vector dissemination capabilities, striatal coverage of GFP expression confirmed that AAV1 transduced larger areas (\~19% more) of the striatum (putamen + caudate) than AAV2 (83.6 versus 70.1%; *P* = 0.0002 by unpaired two-tailed *t*-student test; see [Table 3](#tbl3){ref-type="table"} for summary and [Supplementary Table S1](#xob1){ref-type="supplementary-material"} for individual results). By projecting the extent of GFP expression onto the MRI scans of each monkey brain, we also calculated the percentage of GFP expression coverage in the cortex---a structure directly connected to the targeted striatum via axonal projections. (see [Table 3](#tbl3){ref-type="table"} for summary and [Supplementary Table S1](#xob1){ref-type="supplementary-material"} for further details). In all of the monkeys, we transduced, on average, 77.6% of the striatum, which resulted in substantial expression of GFP in the cortex ([Figure 1](#fig1){ref-type="fig"}). The extent of GFP expression in the cortex did not correlate with the AAV serotype used (AAV1 versus AAV2) (see [Table 3](#tbl3){ref-type="table"} for summary of cortical coverage of GFP expression) or the method of vector production (TT versus PCL). Also, it seems that there was not always a clear correlation between broader distribution of the infusate within the infusion site (striatum) and the extent of transduction in the cortex. One NHP, MMU39956, (AAV1-eGFP (TT)) showed particularly robust GFP expression in cortical regions (layers IV and V) throughout the entire cortex (both frontal and occipital, see [Figure 1a](#fig1){ref-type="fig"}). Other animals showed variability in cortical expression associated with variations in both the extent and the localized anatomical regions transduced within the caudate and putamen. Because both precommissural and commissural regions of the striatum were targeted, more GFP was detected in the frontal and parietal cortical regions than in the occipital cortex.

Tropism and the efficiency of neuronal transduction
---------------------------------------------------

For both groups of NHPs transduced with AAV1-eGFP vectors (TT and PCL), examination of the morphology of GFP-positive cells suggested both neuronal and astrocytic transduction ([Figure 3a,c--e](#fig3){ref-type="fig"}). We confirmed this by double immunofluorescence staining with a combination of antibodies against GFP and NeuN (a neuronal marker) or GFP and S-100 (an astrocytic marker) ([Figure 4a](#fig4){ref-type="fig"}--[c](#fig4){ref-type="fig"}). Animals administered AAV2-eGFP (both TT and PCL) exhibited predominantly neuronal transduction ([Figure 3b](#fig3){ref-type="fig"},[g](#fig3){ref-type="fig"},[h](#fig3){ref-type="fig"}). In addition, to further characterize the subtypes of transduced neurons, we used several neuronal markers and double immunofluorescence with GFP antibody. The main population of neurons transduced within the targeted structure, striatum, were medium spiny neurons indicated by costaining with anti-DARPP-32 antibody (GABAergic neurons, see [Supplementary Figure S1a](#xob1){ref-type="supplementary-material"}). As mentioned above, we detected GFP-positive neurons in distal brain structures receiving neuronal projections from the striatum. Here, GFP+ neurons were found in the substantia nigra pars compacta (SNpc), which contains dopaminergic neurons (colabeling with tyrosine hydroxylase, TH; see [Supplementary Figure S1b](#xob1){ref-type="supplementary-material"}) as well as in the substantia nigra pars reticulata (SNpr) composed of GABAergic neurons (costained with anti-γ-aminobutyric acid, GABA; see [Supplementary Figure S1c](#xob1){ref-type="supplementary-material"}). GFP-positive neurons within cortical regions turned out to be of glutamatergic origin indicated by costaining with anti-vGLUT-2 (vesicular glutamate transporter 2) antibody ([Supplementary Figure S1d](#xob1){ref-type="supplementary-material"}). GFP-positive cells of astrocytic lineage were also detected in the internal capsule ([Figure 3f](#fig3){ref-type="fig"}) and in cortical regions of white matter, where the infusion cannula tracks were visible. Based on the results of double immunofluorescence, we calculated the efficiency of neuronal transduction in the striatum and cortical regions (in the coronal plane of the infusion site) in all NHPs. [Figure 5a](#fig5){ref-type="fig"} summarizes our findings in the striatum. Individual calculations for each animal are shown in [Supplementary Table S2](#xob1){ref-type="supplementary-material"}. Striatal neuronal transduction in the regions of primary transduction, delineated by MRI, ranged from 50 to 65%. The highest efficiency of transduction was observed in NHPs infused with AAV1-eGFP (TT), with a mean of 64.2 ± 5.9%, and the lowest transduction was observed in the AAV2-eGFP (TT) group, with a mean of 46.6 ± 11.7% (*P* = 0.0003; unpaired two-tailed *t*-test; [Figure 5a](#fig5){ref-type="fig"}). Thus, it appears that AAV1 has an approximately 18% higher level of efficiency in transducing striatal neurons than AAV2. AAV1-eGFP produced by PCL resulted in a somewhat weaker (*P* = 0.033; unpaired two-tailed *t*-test) transduction of more neurons than AAV2-eGFP (59.5 ± 8.4 versus 50.1 ± 5.8%).

The above calculations were derived from areas showing strong GFP transduction, as defined by MRI (primary area of transduction (PAT)). In addition, we calculated the efficiency of neuronal striatal transduction in regions outside the PAT to determine whether GFP-positive cells could also be detected beyond the clear boundary of strong GFP signal ("outside the primary area of transduction" (OPAT)), suggesting that perhaps all of the tested vectors had spread in a similar manner. The scheme by which these areas were chosen (random selection of five counting frames) is illustrated in [Figure 5c](#fig5){ref-type="fig"}. We observed a dramatic difference in the estimation of transduction efficiency in OPAT between the AAV1 and AAV2 serotypes ([Figure 5b](#fig5){ref-type="fig"}), with AAV1 transducing many more neurons than AAV2 (8.2 ± 3.9 versus 0.75 ± 0.26% (*P* = 0.0001) for the TT groups and 7.1 ± 3.5 versus 1.83 ± 0.9% (*P* = 0.001) for the PCL groups (both comparisons by unpaired two-tailed *t*-test). Individual calculations for each animal are shown in [Supplementary Table S3](#xob1){ref-type="supplementary-material"}. In addition, we calculated the efficiency of transduction in cortical regions that project to the striatum. Because the degree of cortical coverage varied among animals, we counted random cortical areas in sections with adjacent GFP-positive striatum. An evident discrepancy was observed among the animals ([Supplementary Table S2](#xob1){ref-type="supplementary-material"}) that showed no clear correlation between cortical efficiency of transduction and the serotype used. The mean cortical neuronal transduction efficiency for AAV1 was 13.6 ± 8.3%, whereas it was 13.4 ± 9.0% for AAV2 (*P* = 0.97).

As mentioned above, AAV1-eGFP transduced astrocytes (labeled with S-100) in addition to neurons. GFP-positive astrocytes were detected in the sites of primary transduction (striatum) and in cortical regions that project to the striatum. Examples of astrocytes transduced with AAV1-GFP are shown in [Figure 4c](#fig4){ref-type="fig"}. For the AAV2-eGFP vectors, only sporadic GFP+ astrocytes were detected surrounding the track of the infusion cannulae. Unfortunately, the number of transduced astrocytes could not be reliably quantitated in this study because the expression of foreign protein (GFP) causes astrogliosis (especially in the sites of vector injections); thus, documenting an increased number of astrocytes would be markedly biased. In addition, there were technical challenges in costaining of GFP-positive cells with astroglial markers. The intense GFP signal strongly competes with the S-100 antibody astrocyte marker. In areas of intense GFP signal the S-100 stain is almost completely suppressed. Additionally, the highly irregular shape of astrocytes and presence of numerous processes makes reliable quantification of double-stained cells extremely difficult. Morphologically, there appeared to be more GFP-positive astrocytes in monkeys transduced with AAV1-eGFP than in those transduced with AAV2-eGFP.

To determine whether our vectors transduced other antigen-presenting cells in the brain, we costained representative brain sections from all monkeys with antibodies against GFP and the microglial marker, Iba-1. No animals showed double-labeled cells ([Figure 4d](#fig4){ref-type="fig"}). Moreover, staining against Olig-2, a marker for oligodendrocytes showed that only a few cells were positive for both GFP and Olig-2. Those sparse cells were detected mainly in the vicinity of the cannula tracks (data not shown).

Although this study was not primarily designed to assess the safety of AAV1- and AAV2-mediated transduction in NHP brains, we stained brain sections with hematoxylin-eosin (H&E) to determine whether these vectors triggered neuroinflammation. Sections were examined primarily for the presence of perivascular cuffing, indicative of the accumulation of lymphocytes or plasma cells in a dense mass around blood vessels. In two (MMU39956 and MMU39819) of the nine monkeys, varying degrees of infiltrates were detected in the primary areas of transduction ([Supplementary Figures S2a,b](#xob1){ref-type="supplementary-material"}) after AAV1-GFP administration. The remaining 7 NHP showed few signs of inflammation and no other vector/transgene-related histological findings were observed.

Discussion
==========

Paramount to the clinical success of an AAV-mediated strategy to lower huntingtin for the treatment of HD is the need to target neurons in disease-affected brain regions. Optimal therapy requires efficient cellular targeting within specific areas of the brain, especially in neurodegenerative diseases like HD, where the therapeutic gene acts in a cell-autonomous manner.^[@bib31]^ A number of factors make AAV a preferred gene delivery vehicle for CNS-focused clinical trials.^[@bib32]^ The current study demonstrates unequivocally for the first time, that local striatal delivery of AAV1 or AAV2 can lead to robust global viral transduction and expression in brain areas that are central to HD pathology and potentially other neurodegenerative diseases.

A recent study showed that AAV1-mediated expression of a siRNA that targeted mutant human *HTT* led to a significant reduction in striatal levels of *HTT m*RNA and Htt protein in the YAC128 mouse model of HD and was associated with phenotypic improvements,^[@bib16]^ in agreement with previous preclinical studies.^[@bib12; @bib13; @bib14; @bib15]^ Studies demonstrating similar efficacy in larger animal models of HD have not been realized because such models either exhibit no behavioral deficits or are more severe and have not been sufficiently characterized.^[@bib33]^ Efforts have, therefore, focused on demonstrating effective CNS delivery of surrogate AAV vectors that encode reporter genes to target CNS regions relevant to HD pathology. Selective neuronal loss in HD begins in the medial caudate and the posterior putamen. Hence, these structures were the primary targets of the present study. Some neuropathology was observed in cortical layers 3, 5, and 6, and in some cases, more global degeneration was observed.^[@bib34],[@bib35]^

The current study is a comprehensive comparison of two AAV serotypes, AAV1 and AAV2, manufactured by two different methods (TT and PCL), infused into nonhuman primate (NHP) brains. Immunohistochemical analysis of NHP brains revealed significant transduction of the targeted structures (putamen and caudate nucleus) by both of the serotypes used, regardless of the method of production. However, AAV1 performed significantly better than AAV2 with regard to the extent of transduction that was achieved. By calculating the volume of GFP expression (Ve) in each animal and dividing it by the volume of infusion (Vi) in each case, the mean ratio for each group of animals (1.21 ± 0.1 for AAV1 and 0.74 ± 0.04 for AAV2) showed that AAV1-mediated expression was approximately 60% greater than AAV2-mediated expression for a given Vi. This result is in agreement with the results of a recent study,^[@bib36]^ wherein the authors used a different technique to measure expression in a different target structure (monkey cortex). However, the differential values were identical (1.2 ± 0.2 for AAV1 and 0.7 ± 0.2 for AAV2), confirming that AAV1 resulted in better tissue distribution in the brain than AAV2. Other investigators have also observed greater AAV1 spread within the striatum of NHPs^[@bib37]^ and smaller animals.^[@bib28],[@bib38]^ In addition to the ratios depicting vector dissemination, striatal coverage of GFP expression confirmed that AAV1 transduced larger areas (\~19% more) of the striatum (putamen + caudate) than AAV2. As previously demonstrated, widespread axonal transport of the infused vectors from their primary areas of transduction (PAT) to other brain regions that are directly or indirectly connected with the striatum^[@bib2],[@bib39]^ was clearly observed. For both vectors, transport to the internal and external globus pallidus (GPi and GPe) was observed as well as to the substantia nigra pars reticulata (SNpr) and compacta (SNpc). For AAV2-eGFP, transport was also observed to the subthalamic nucleus. Variable GFP signal in thalamic nuclei that project directly to the striatum was also observed.

One of the most intriguing findings was the extent of GFP expression seen in distal cortical regions. Previously, it was shown that viral delivery to axon terminal fields in the hippocampus and striatum resulted in viral internalization, retrograde transport, and transgene expression in specific projection neurons in the entorhinal cortex and substantia nigra.^[@bib40],[@bib41]^ Others have reported that AAV transport to the cortex occurs mainly through thalamocortical projections when AAV2 was infused directly into the thalamus itself.^[@bib42]^ In this study, the extent of thalamic expression varied considerably between NHPs and was likely due to axonal projections from the striatum; thus, the robust cortical transduction was likely the result of retrograde transport via cortico-striatal neurons that projected into the site of infusion (striatum). Retrograde transport of AAV1 has been reported previously,^[@bib43],[@bib44]^ but this is the first demonstration of such robust and extensive transport to cortical regions in the NHP brain after striatal transduction. A previous study of AAV1-hrGFP in NHPs did not detect any GFP+ cells in the cortex after putaminal infusion^[@bib2]^ with comparable doses (2.3 × 10^11^ vg versus 1.7 × 10^11^ vg in the current study) and delivery methods. It is important to note that the composition and source of those vectors, *i.e.*, its promoter, transgene (humanized GFP from *Renilla reniformis*) and the method of purification were different from those used in the present study. These differences in vector characteristics, quality, purification methods and the robust delivery method used in this study should not be underestimated and might explain the discrepancies reported in the AAV literature. Similarly, in our previous studies with AAV2 we have never observed cortical expression after administration of AAV2-AADC into the monkey striatum.^[@bib45],[@bib46]^ Although the total dose of the AAV2-AADC used in our 8-year survival study was \> 50% higher (3.6 × 10^11^ vg) than in the current experiments (1.7 × 10^11^ vg for AAV2-eGFP produced by TT and 1.3 × 10^11^ produced by PCL), the striatal neuronal efficiency of transduction was eightfold smaller (6.1 ± 0.5% versus nearly 50% in the current study in the AAV2). This discrepancy is further reflected in recent neuropathological data showing cortical expression of neurturin after putaminal administration of AAV2-NRTN in parkinsonian patients.^[@bib31]^ Both those vectors were AAV2, but they differed in vector cassettes, production methods, and purification.

In the current study, the infectious titers for serotypes 2 (both for PCL and TT) are significantly higher (more than 10-fold) than for AAV1 and yet the *in vivo* performance is better for the AAV1 serotype. The difference in infectivity values are a reflection of tropism differences between AAV1 and AAV2 for the HeLa rep/cap cell line, thus *in vitro* infectivity values cannot be used to compare *in vivo* potency between serotypes. The infectivity of AAV1 made by PCL is similar to that made by TT, the same holds for AAV2. With respect to the percentage of full capsids ([Table 2](#tbl2){ref-type="table"}), the differences between the AAV preparations are not significant. Importantly, we dosed animals based on genome containing particles (measured by PCR) so all doses were equivalent.

Within the primary transduction area, AAV1 transduced more neurons than AAV2 (64.2 ± 5.9 versus 46.6 ± 11.7%). However, this difference was not reflected in the cortex. Better transduction by AAV1 in the primary infusion area could be due to more efficient internalization of virions because some studies have found that AAV5- or AAV1-transduced cells contain more virions than AAV2-transduced cells.^[@bib47],[@bib48]^ Different cellular primary receptors, such as high-affinity heparan sulfate proteoglycan (HSPG) for AAV2^[@bib49]^ and sialic acid for AAV1,^[@bib50]^ are required for viral entry and likely play a role here. Their affinities and abundance within the brain parenchyma may contribute to vector dissemination patterns. Different primary receptors and coreceptors were also responsible for the differences in cellular tropism observed in this study. AAV1 transduced both neurons and astrocytes, as reported previously by multiple investigators.^[@bib2],[@bib28],[@bib51]^

The presence of GFP in the cortex with relatively limited striatal transduction is remarkable and suggests a high degree of convergence in the organization of cortico-striatal projections.^[@bib52]^ This may explain why even quite focal transduction of the striatum can result in transduction of broad areas of the cortex. Many comprehensive studies have mapped the organization of the cortico-striatal projection system and, although there is some degree of overlap in their terminal fields, each cortico-striatal fiber terminates in a highly arborized manner in the striatum.^[@bib52; @bib53; @bib54; @bib55]^ This may explain the differences in GFP cortical coverage between individual monkeys. Although the putamen and caudate were targeted in each monkey, the primary pattern of GFP transduction was not identical between subjects (more ventral versus dorsal or more medial versus lateral), which was likely responsible for the patterns of retrograde transport to different regions of the cortex. Future studies to optimize and maximize the coverage of the transduced brain regions are warranted for preclinical development.

In addition to retrograde and anterograde transport, the observed widespread pattern of GFP expression maybe due to several modes of vector transport in the NHP brain. Although speculative, the transduction patterns noted in the distal cortical regions, such as the prefrontal and occipital lobes, suggest that the distribution was aided by virions tracking along the surface of white matter tracts. Another potential mechanism of distribution is movement of the viral vector through the Virchow-Robin space, a perivascular compartment that serves as a pipeline for interstitial fluid movement through the CNS.^[@bib56]^

Safety in gene therapy clinical trials is of utmost importance. Previously, it was shown that AAV serotypes are capable of transducing antigen-presenting cells in the brain, which triggers an immune response if the transgene is of foreign origin, such as GFP.^[@bib2],[@bib10],[@bib57]^ When the gene encodes a self-recognized protein, no cell-mediated immune response is observed.^[@bib11]^ In the current study, none of the vectors transduced microglia, which are important immune effector cells in the CNS. In two primates, H&E staining revealed the presence of more pronounced perivascular infiltrates in the primary areas of transduction as well as a few activated astrocytes (hypertrophy of cellular processes, data not shown), as has been previously observed.^[@bib2],[@bib11]^ This type of transduction seemed to be correlated primarily with the presence of the foreign eGFP gene and with vector tropism. It is worth noting that no such activation or perivascular infiltration was detected beyond the PAT or in distal brain structures to which the vectors were transported (GP, subthalamic nucleus, SN, cortex).

This study comprehensively compared two serotypes of AAV (AAV1 and AAV2) and two methods of production (TT versus PCL) by their ability to transduce NHP brains in an exploratory study aimed at developing a treatment for HD. Because of differences in their dissemination properties, AAV1 transduced larger areas of the striatum with a higher efficiency of neuronal transduction. Furthermore, the data suggest that, even with only partial coverage of the putamen and caudate nucleus, large areas of the cortex can be transduced by retrograde transport of AAV from the primary infusion site. The major lesson from the current study is that in order to generate consistent patterns of transgene distribution within the projected brain areas, (cortical regions), complete or nearly complete transduction of the targeted structures (striatum) should be achieved. This should certainly be further optimized and resolved before next clinical trials. The direct delivery of AAV vectors into the brain by CED has been under development for many years,^[@bib2],[@bib4],[@bib24],[@bib25],[@bib39],[@bib46],[@bib58],[@bib59]^ and clinical implementation of MR-guided CED of AAV has been achieved in two current clinical trials in Parkinson's disease (PD) (ClinicalTrials.gov: NCT01973543 and NCT01621581). Because striatal targets in PD and HD are similar, based on previous experiences with AAV2 delivery in PD, one can envisage striatal coverage that exceeds the range of the striatal transduction that has been achieved in this study by increasing the Vi, which in turn may result in more uniform and complete cortical expression. Thus, optimized targeted delivery of AAV to the striatum may be a viable approach for treating HD with gene transfer of a siRNA targeting *HTT*.

In conclusion, this is a pivotal study demonstrating that targeted delivery of AAV1 or AAV2 to the striatum results in robust and global transduction of the striatum as well as many cortical regions via axonal transport. These results far exceed the AAV1 and AAV2 transduction patterns previously reported in the literature, suggesting that differences in vector construct (sequence and promoter), methods of production, purification, and the analytical assays used to assess vector attributes (full genome particles, purity) may highly impact cellular tropism and capability of axonal transport. When aiming to advance gene therapy towards clinical applications, a clear characterization of vector attributes and an understanding of the delivery parameters that impact targeting need to be carefully evaluated in NHP studies. Our findings underscore the unrealized potential of AAV1 and AAV2 vectors to transduce multiple brain regions following localized infusions. The results validate that striatal delivery may be sufficient for the delivery of nucleic acid-based therapeutics to areas of the human brain relevant to HD and are highly supportive of continued translational research to advance this paradigm toward clinical testing.

Materials and Methods
=====================

Animals
-------

Nine adult male Rhesus macaques (*Macaca mulatta*; 8.9--11.9 kg) were included in this study. Animals received bilateral infusions, into caudate nucleus and putamen, of either AAV1-eGFP or AAV2-eGFP vectors that were obtained using two different production methods: TT or PCL. Vector concentrations and doses are described in [Table 1](#tbl1){ref-type="table"}. Animals were tested for the presence of anti-AAV1 and anti-AAV2 neutralizing antibodies, as previously described, and were considered seronegative if they presented antibody titers of \< 1:32. Survival time was 1 month after AAV delivery for all of the animals. Experiments were performed according to the National Institutes of Health guidelines, and the protocols in this study were approved by the Institutional Animal Care and Use Committee at the University of California San Francisco.

In-life observations
--------------------

Detailed cage-side observations of animal health, appearance, appetite and neurological symptoms were performed on a daily basis for a period of 5 days after dosing and weekly thereafter until the conclusion of the study. Body weight assessments were performed before intracranial dosing, at the time of blood collection procedures, and at necropsy. Whole blood, blood serum and cerebrospinal fluid were collected for hematology, serum chemistry, AAV1 and AAV2 capsid antibody assay, and eGFP mRNA level analysis.

Production of AAV vectors
-------------------------

AAV vectors were produced via either transient transfection^[@bib60]^ or the PCL method as previously described.^[@bib61],[@bib62]^ Briefly, to produce AAV vectors by the transient transfection method, HEK293 cells were transfected with polyethyleneimine and a 1:1:1 ratio of three plasmids (inverted terminal repeats (ITR) vector, AAV2rep/cap2 or AAV2rep/cap1 and pAd helper plasmid). The inverted terminal repeats vector plasmid encoded the cDNA for EGFP, downstream of the cytomegalovirus enhancer/chicken β-actin---hybrid promoter CBA. The pAd helper that was used was pHelper (Stratagene/Agilent Technologies, Santa Clara, CA). The generation of AAV vectors with the PCL method was performed as previously described.^[@bib61],[@bib62]^ Briefly, a HeLa-based PCL was created by transfection of HeLaS3 cells, (ATCC CCL-2.2) with a single plasmid containing the following elements: AAV2 rep genes and the cap gene of either serotype 1 or 2, the vector genome flanked by AAV2 inverted terminal repeats (ITRs), and a puromycin resistance gene. The vector genome harbored the cDNA for EGFP downstream of the cytomegalovirus enhancer / chicken beta actin hybrid promoter, CBA. Transfected cells were grown in the presence of puromycin to isolate stable integrants. Product-specific cell lines were expanded in a bioreactor and infected with wild-type adenovirus to initiate AAV production. Purification of AAV from both production platforms was performed as previously described.^[@bib63]^ The resulting titers of all AAV1-eGFP and AAV2-eGFP vectors are shown in [Table 1](#tbl1){ref-type="table"}. All vectors were suspended in a phosphate-buffered saline (pH 7.4) supplemented with 0.001% Poloxamer 188 (Lutrol F68). Vectors were characterized using a number of quality control assays ([Table 2](#tbl2){ref-type="table"}). Both TT and PCL generated AAV2-eGFP and AAV1-eGFP vectors, had infectious titers in agreement with AAV1 and AAV2 assay controls. The calculated particle: iu ratios for AAV1 eGFP, both TT and PCL produce, were consistent with typical values measured for AAV1 vectors, *i.e.*, ≤ 1,000:1,^[@bib64]^ while the particle:iu ratios for both AAV2-eGFP vectors were in agreement with previously reported rAAV2 particle:Iu ratios, *i.e.*, \< 10:1.^[@bib29]^ AAV2 is more efficient at transducing HeLa cells, and this is reflected in the lower particle: iu ratio for AAV2-eGFP vectors produced either by TT or by PCL.

Vector infusion
---------------

All animals received a bilateral infusion of AAV vector into the caudate nucleus and putamen by means of MRI-guided CED.^[@bib23; @bib24; @bib25]^ Briefly, animals were sedated and then positioned in a stereotactic system with MR-compatible, skull-mounted, temporary cannula guides placed over each hemisphere. After a T1-weighted planning scan (Siemens 3.0 T Trio MR unit) to set the trajectory, a ceramic custom-designed fused silica reflux-resistant cannula with a 3-mm stepped tip was used for the infusion. Each animal received up to three infusions per hemisphere to target the caudate and the putamen (precommissural and postcommissural) regions. To visualize the infusate distribution during MRI, Prohance (2 mmol/l chelated Gadolinium) was added to the virus. Thirty microliters (30 µl) of AAV was infused into the caudate, and 60 µl was infused into the putamen (*i.e.*, 90 µl per hemisphere). The infusion rate was ramped up to a maximum of 5 μl/minute. Serial MRIs were acquired to monitor the infusate distribution within each target site and to provide real-time feedback to the surgical team.

The first cohort of animals received 1.7 × 10^11^ vg of AAV1-eGFP (TT) (*n* = 3) or AAV2-eGFP (TT) (*n* = 2) per hemisphere. The second cohort of animals received 1.7 × 10^11^ vg of AAV1-eGFP (PCL) (*n* = 2), or 1.3 × 10^11^ vg of AAV2-eGFP (PCL) (*n* = 2) per hemisphere. AAV2-eGFP (PCL) vector titers were slightly lower (1.4 × 10^12^ vg/ml), thus the total dose delivered per monkey of AAV2-eGFP (PCL) was slightly lower than that of AAV1-eGFP (TT), AAV2-eGFP (TT), and AAV2-eGFP (PCL). Immediately after the parenchymal dosing procedure, animals were monitored during recovery from anesthesia and then returned to their home cages.

MR imaging data analysis
------------------------

### Semi-quantitative analyses (Digital MRIs Vd/Vi).

Distribution volume (Vd) analysis was performed using OsiriX Imaging Software version 3.1 (The OsiriX Foundation, Geneva, Switzerland). Infusion sites, cannula tracks and the cannula tip were identified on T1-weighted MR images in the coronal plane. Regions-of-interest were delineated to outline T1 gadolinium signals and the target sites (*i.e.*, the putamen and caudate nucleus). Three-dimensional volumetric reconstructions of the image series and regions-of-interest were analyzed to estimate the volume of distribution (Vd) of the infusions and the ratio to the volume of infusate (Vi).

### Histological analysis of transgene expression.

To assess transgene expression, brain sections were processed for immunohistochemical analysis. Animals were deeply anesthetized with sodium pentobarbital (25 mg/kg i.v.) and euthanized 4 weeks after administration of the vectors. The brains were removed and sectioned coronally into 6-mm blocks. The blocks were postfixed in buffered paraformaldehyde (4%) for 24 hours, washed briefly in PBS and immersed in 30% sucrose/phosphate-buffered saline (PBS) solution for cryopreservation. The formalin-fixed brain blocks were cut into 40-µm coronal sections with a cryostat. Free-floating sections spanning the entire brain were collected and stored in antifreeze solution for further analysis.

Immunohistochemistry
--------------------

### GFP staining by 3,3'-diaminobenzidine.

Sections (three per each 6-mm block, with a separation of 2 mm) were washed three times in PBST for 5 minutes each time and then treated with 1% H~2~O~2~ for 20 minutes. Sections were incubated in Sniper blocking solution (<http://biocare.net/product/background-sniper/>) for 30 minutes at room temperature and then incubated overnight with the primary anti-GFP antibody (<https://www.lifetechnologies.com/>) diluted 1:1,000 in Da Vinci Green Diluent (<http://biocare.net/>). After three rinses in PBS containing 0.1% Tween-20 (PBST) for 5 minutes each time, sections were incubated in Mach 2 horseradish peroxidase (HRP) polymer (<http://biocare.net/>) for 1 hour and then washed three times before colorimetric development with 3,3'-diaminobenzidine. Immunostained sections were counterstained with cresyl violet, and mounted on slides and sealed with Cytoseal (<http://www.thermoscientific.com/>).

### Calculation of coverage of GFP expression in the NHP brain.

GFP staining from matching immunohistochemical analysis-stained serial sections was projected onto corresponding MRI scans from each NHP brain (T1-weighted MR images in the coronal plane). OsiriX Imaging Software version 3.1 (The OsiriX Foundation, Geneva, Switzerland) was used to determine the distribution/coverage of GFP expression. In addition, to calculate the striatal coverage of GFP expression, the ImageJ 1.44o software (NIH) was employed. The GFP coverage was calculated from immunohistochemically stained sections by dividing the area (mm^2^) of GFP signal by the area of the targeted structure (caudate and putamen for each animal were calculated separately and expressed as percentage of GFP coverage).

### Double-immunofluorescence for vector tropism and the efficiency of neuronal transduction.

For double fluorescence immunostaining of different cellular markers (NeuN, S-100, Iba1, DARPP-32, TH, GABA, VGLUT2, and Olig-2) with GFP, a combination of primary antibodies was applied to sections as a cocktail of primary antibodies and overnight incubation at room temperature in PBST with 20% horse serum. The primary antibodies used were as follows: anti-GFP antibody (1:500, as above), anti-NeuN (1:500, <http://www.emdmillipore.com/);> anti-S-100 (1:300, <http://biocare.net/>), anti-Iba1 (1:500, <http://biocare.net/>), anti-DARPP-32 (1:500, <http://www.scbt.com/>), anti-TH (1:500, <http://www.emdmillipore.com>), anti-gamma-aminobutyric acid (GABA) (1:500, <http://www.sigmaaldrich.com/>), anti-VGLUT2 (1:200, <https://www.emdmillipore.com>) and anti-Olig2 (1:50, <http://www.emdmillipore.com/>). After three washes in PBST, primary antibodies were visualized by incubating the slides in the dark for 2 hours with the appropriate secondary fluorochrome-conjugated antibodies: goat anti-mouse DyLight 549 and goat anti-rabbit DyLight 488 ([www.biocare.net/](www.biocare.net/)). All secondary antibodies were diluted 1:1,000 in Fluorescence Antibody Diluent (<http://biocare.net/>). In addition, to quench autofluorescence, sections were incubated in 0.1% Sudan Black solution (70% ethanol). After final washes in PBS, sections were cover-slipped with Vectashield Hard Set Mounting Medium for Fluorescence ([www.vectorlabs.com/](www.vectorlabs.com/)). Control sections were processed without primary antibodies, and no significant immunostaining was observed under these conditions.

A Zeiss Axioskop fluorescence microscope ([www.zeiss.com/](www.zeiss.com/)) equipped with a CCD color video camera and an image analysis system (AxioVision Software, [www.zeiss.com/](www.zeiss.com/)) was used to determine the presence of double-labeled cells (positive in both the red and green channels). Photomicrographs of double-labeled sections were obtained by merging images from two separate channels (red and green; colocalization appears as yellow) without altering the position of the sections or the focus (objective ×20). For GFP/NeuN double labeling, three sections from each animal at approximately 4-mm intervals were selected from the sites of vector infusion. To evaluate the efficiency of neuronal transduction by the AAV1-eGFP or AAV2-eGFP vectors within the targeted brain areas (the caudate and putamen), five counting frames (700 × 550 μm) were randomly placed in the GFP+ area. The primary area of transduction (PAT) was defined as the GFP-positive area ("cloud") that covered more than 40% of the targeted structure. Similarly, to evaluate the efficiency of neuronal transduction, in the area outside the PAT (OPAT), 5 counting frames (700 × 550 μm) from each section were chosen beyond the clear margins of the GFP-positive "cloud" in the targeted structures (the caudate and putamen) or in the cortex ([Figure 5c](#fig5){ref-type="fig"}). To determine the proportion of GFP/NeuN-positive cells, each counting frame was counted twice, first in the red channel to determine the number of NeuN+ cells and then in a combined red and green channel to determine the number of costained cells (GFP+ and NeuN+). At least 1,500 NeuN+ cells were counted for each of the three chosen sections (five counting frames per section). Finally, the percentage of GFP+/NeuN+ to total NeuN+ cells was determined. All of the calculations for the striatum were made by adding the results obtained from the analysis of both hemispheres in each animal and by combining the values from the putamen and caudate nucleus because the mean transduction efficiencies were identical in both of these structures in each animal.
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![Distribution of GFP in the nonhuman primate brain infused with AAV1-eGFP and AAV2-eGFP. AAV1-eGFP and AAV2-eGFP vectors were infused bilaterally into the striatum of nine Rhesus macaques (see details in Materials and Methods). Four weeks after the surgery, brains were processed for immunohistochemistry (IHC) against GFP. Four columns show representative GFP-stained brain sections from four study groups infused with AAV1-eGFP (triple transfection (TT))---**column a**; AAV1-eGFP (producer cell line (PCL))---**column b**; AAV2-eGFP (TT)---**column c**; AAV2-eGFP (PCL)---**column d**. Representative sections show various coronal planes of the brain to demonstrate distribution of GFP expression throughout the entire brain from frontal cortex, striatum (infusion sites), midbrain, to occipital parts of the cortex. All groups show robust GFP expression in the sites of injection (putamen and caudate nucleus) as well as extensive transport to cortical regions and substantia nigra. Based on the IHC staining, the coverage of GFP expression in both target structure (striatum: putamen and caudate) and cortical regions were calculated for each monkey and are summarized in **[Table 3](#tbl3){ref-type="table"}**.](mtm201637-f1){#fig1}

![Ratios of primary areas of transduction (PAT) to vector distribution (Vd). Primary areas of GFP expression in the striatum were delineated on scans from the GFP-stained sections and their values were divided by values obtained from matching MRI scans with Gadolinium signal (see Materials and Methods). Ratios \> 1.0 indicate that the extent of GFP expression exceeds the boundaries of Gadolinium signal after infusion. The results from monkeys infused with AAV vectors showed that AAV1 spreads better in the brain parenchyma than AAV2 (means + SD: 1.21 ± 0.1 versus 0.74 ± 0.04; *P* = 0.007 with two-tailed unpaired *t*-test).](mtm201637-f2){#fig2}

![GFP expression in the nonhuman primate brain transduced with AAV1-eGFP and AAV2-eGFP. (**a**) High magnification (40×) of the target structure, caudate nucleus, transduced with AAV1-eGFP (TT) of monkey MMU39956. Dark-brown GFP+ neurons stained by 3,3'-diaminobenzidine (DAB) are visible against densely stained network of positive neuronal fibers. A robust signal was detected in all monkeys injected with AAV1-eGFP vector produced by both TT and PCL methods; size bar---50 μm. (**b**) High magnification (40×) of the target structure putamen transduced with AAV2-eGFP (TT) of monkey MMU39388. Dark-brown DAB signal shows expression of GFP in neurons and their densely stained network of fibers; size bar - 50 μm. **(c)** Fragment of prefrontal cortex of monkey MMU39956 (**column a in [Figure 1](#fig1){ref-type="fig"}**) demonstrating massive transport of vector AAV1-eGFP from the sites of injection (striatum) to cortical regions. Based on morphology of GFP+ cells, both neurons and astrocytes were detected in the cortex; size bar---500 μm. (**d**) Higher magnification (40×) of the frame from panel **c** showing numerous cortical neurons expressing GFP; size bar---50 μm. (**e**) High (20×) magnification of the cortex from monkey MMU39956 showing GFP+ cells of astrocytic morphology; size bar---100 μm. (**f**) High magnification (20×) of internal capsule of monkey MMU39388 showing GFP+ cells with astrocytic morphology; size bar---100 μm. (**g**) Fragment of prefrontal cortex of monkey MMU39388 (**column c in [Figure 1](#fig1){ref-type="fig"}**) demonstrating massive transport of vector AAV2-eGFP from the striatum (injection site) to cortical regions. The vast majority of GFP-positive cells had neuronal morphology (magnification 2.5×); size bar---500 μm. (**h**) Higher magnification (40×) of the frame from panel **g** showing numerous cortical neurons expressing GFP; size bar---50 μm.](mtm201637-f3){#fig3}

![Cellular tropism of AAV1-eGFP and AAV2-eGFP injected into the monkey brain. Monkey brain sections were processed for double immunofluorescent staining against GFP and various cellular markers to determine cellular tropism of the injected vectors. (**a**) Section from caudate nucleus (target structure) from monkey MMU39956 stained with antibodies against GFP (green channel for DyLight 488 dye) and NeuN (neuronal marker) detected in red channel for DyLight 549 dye. Merged pictures (magnification 40×) from both channels show numerous neurons expressing GFP (white arrows), verifying neuronal tropism of AAV1-eGFP; size bar---50 μm. (**b**) The same staining was performed for a section from prefrontal cortex of monkey MMU39956 showing neuronal transduction (white arrows) in a distal brain structure receiving neuronal projections from the striatum and is evidence of retrograde transport of AAV1-eGFP; size bar---50 μm. (**c**) Section from caudate nucleus (target structure) from monkey MMU39956 stained with antibodies against GFP (green channel for DyLight 488 dye) and S-100 (astrocytic marker) detected in red channel for DyLight 549 dye. Merged pictures (magnification 40×) from both channels show numerous astrocytes expressing GFP (white arrows), verifying that AAV1-eGFP also transduces astrocytes; size bar---50 μm. (**d**) Section from caudate nucleus (target structure) from monkey MMU39819 stained with antibodies against GFP (green channel for DyLight 488 dye) and Iba-1 (marker for microglia) detected in red channel for DyLight 549 dye. The lack of costaining of both markers in merged picture (magnification 20×) indicates that AAV1 does not transduce microglia and this was also the case for AAV2 (data not shown; size bar---50 μm).](mtm201637-f4){#fig4}

![Efficiency of neuronal transduction in the striatum of nonhuman primate injected with AAV1-eGFP and AAV2-eGFP. Double immunofluorescent staining against GFP and neuronal marker, NeuN, of monkey brain sections was performed to calculate the efficiency of neuronal transduction within the striatum (target structure) and cortical regions. For the striatum, the efficiency of transduction was calculated in the primary area of GFP transduction (PAT) where signal was robust with densely distributed GFP+ neurons (**a**). Neurons were also detected in regions outside the primary areas of GFP transduction (OPAT, **b**). Scheme for the technique of counting GFP+ neurons in PAT (green color) and OPAT (outside green color) is shown in (**c**). Details on the counting methods are described in Materials and Methods. Data from individual counting for each monkey and brain structure are shown in [Supplementary Table S2](#xob1){ref-type="supplementary-material"} (PAT) and and [Supplementary Table S3](#xob1){ref-type="supplementary-material"} (OPAT). Cd, Caudate; ic, internal capsule; Pu, putamen.](mtm201637-f5){#fig5}

###### Dosing groups

  *Group*               *Production method*   *Vector*            *Vector concentration (vg/ml)*   *Vector dose per hemisphere (vg)^[a](#t1-fn1){ref-type="fn"}^*   *Infectious titer (IU/ml)*
  --------------------- --------------------- ------------------- -------------------------------- ---------------------------------------------------------------- ----------------------------
  Cohort 1 (TT)                                                                                                                                                     
  AAV1-eGFP (*n* = 3)   TT                    ssAAV2/1-CBA-eGFP   1.9 × 10^12^                     1.7 × 10^11^                                                     8.75 × 10^9^
  AAV2-eGFP (*n* = 2)   ssAAV2/2-CBA-eGFP     1.9 × 10^12^        1.7 × 10^11^                     3.2 × 10^11^                                                     
  Cohort 2 (PCL)                                                                                                                                                    
  AAV1-eGFP (*n* = 2)   PCL                   ssAAV2/1-CBA-eGFP   2.23 × 10^12^                    1.7 × 10^11^                                                     2.3 × 10^9^
  AAV2-eGFP (*n* = 2)   ssAAV2/2-CBA-eGFP     1.4 × 10^12^        1.3 × 10^11^                     1.5 × 10^11^                                                     

vg, vector genome; TT, triple transfection; PCL, producer cell line.

###### Characterization of the vectors used in the study

  *Assay/method^[a](#t2-fn1){ref-type="fn"}^*               *AAV1-CBA-eGFP*   *AAV2-CBA-eGFP*              
  --------------------------------------------------------- ----------------- ------------------ --------- ------------------
  Vector concentration TaqMan PCR (vg/ml)                   1.9 e12           2.23 e12           1.9 e12   1.43 e12
  Infectious titer assay (end point dilution/PCR) (IU/ml)   8.75 e9           2.3 e9             3.2 e11   1.5 e11
  Full capsid (AUC) (% vector genome containing capsids)    70                78                 60        69
  Residual adenovirus protein (western)                     NA                Undetectable       NA        Undetectable
  Residual infectious adenovirus (limit assay/PCR) vg       NA                \<10 IU/2.23 e11   NA        \<10 IU/1.43 e11
  Endotoxin (LAL-Gel Clot method) (EU/ml)                   \<0.3             \<0.3              \<0.3     4.8
  BioBurden (membrane filtration) (CFU/0.2 ml)              0                 0                  0         0

AUC, area under curve; NA, not available; PCL, producer cell line; PCR, polymerase chain reaction; TT, triple transfection.

*In vitro* assays do not reflect the performance/behavior of vectors *in vivo*.

###### Infusion of AAV1-eGFP and AAV2-eGFP into the nonhuman primate brain and the extent of vector distribution within the brain 4 weeks after transduction

  *V~d~/V~i~^[a](#t3-fn1){ref-type="fn"}^*   *Gadolinium coverage^[b](#t3-fn2){ref-type="fn"}^*   *Striatal coverage of GFP expression^[c](#t3-fn3){ref-type="fn"}^*   *Cortical coverage of GFP expression^[d](#t3-fn4){ref-type="fn"}^*
  ------------------------------------------ ---------------------------------------------------- -------------------------------------------------------------------- --------------------------------------------------------------------
  AAV1-eGFP                                                                                                                                                            
  2.79 ± 0.44                                Putamen: 29.5 ± 10.9%; Caudate: 18.3 ± 5.2%          83.6 ± 7.8%                                                          62.2 ± 19.1%
  AAV2-eGFP                                                                                                                                                            
  3.29 ± 0.75                                Putamen: 23.5 ± 9.3%; Caudate: 24.6 ± 8.0%           70.1 ± 10.2%                                                         61.3 ± 14.8%

Ratio of volume of distribution (Vd) to volume of infusion (Vi) was calculated (OsiriX Imaging software, v. 3.1) by dividing the volume of vector distribution within the injected brain parenchyma (based on the Gadolinium signal from MRI scans) by the volume of the injected vector. Values from left and right hemispheres were added to determine the average Vd/Vi for each animal.

Gadolinium coverage within targeted structures was calculated (OsiriX Imaging software, v. 3.1) by dividing Vd by the volume of Putamen (600 mm^3^) or Caudate (500 mm^3^).

Striatal GFP expression coverage was calculated from immunohistochemical analysis (IHC)-stained sections by dividing the area (mm^2^) of GFP signal by the area of the targeted structure (caudate and putamen for each animal were calculated separately and expressed as percentage of GFP coverage). The average means for each group (AAV1-eGFP and AAV2-eGFP) are given in the table. For individual results from each animal, see [Supplementary Table S1](#xob1){ref-type="supplementary-material"}. The mean striatal coverage of GFP expression in animals injected with AAV1-eGFP was 19% higher than in animals injected with AAV2-eGFP group (*P* = 0.0002; unpaired two-tailed *t*-test).

Cortical GFP coverage was calculated by projecting GFP signal from matching IHC-stained sections onto corresponding MRI scans of each monkey (OsiriX Imaging Software version 3.1). No statistical difference was observed between animals injected with AAV1-eGFP and AAV2-eGFP.
